Effects of ER-001533 (ER), a newly synthesized vasorelaxant, on the membrane currents were examined in single ventricular cells of guinea pigs. The patch-clamp technique was used in the "whole-cell" and "inside-out" patch configurations. In the whole-cell clamp condition, ER induced a time-independent K'-dominant current, which was inhibited by glibenclamide (1-3 ,uM), suggesting that ER activated the cardiac ATP-sensitive K' channel (KATP). To elucidate the mechanism of ER-mediated KATP channel activation, the drug was applied to the inside-out patches before and after channel "run-down." Since nucleotide diphosphates could induce the channel openings after complete run-down, effects of the drug on the nucleotide diphosphate-induced channel openings were also examined. Before run-down, ER Since the initial description of the ATP-sensitive K' (KATP) channel in the cardiac myocytes,' the KAT channel has been identified in other tissues including the smooth muscle cell,2 the pancreatic 3-cell,3 and the skeletal muscle cell.4 In the cardiovascular system, the KATP channel exhibits functional importance in physiological and pathophysiological conditions; e.g., it mediates relaxation of vascular smooth muscle by endothelium-derived hyperpolarization factor2 and calcitonin gene-related peptide,5 and it may be responsible for the shortened cardiac action potential duration"6,7 and the decreased myocardial contractility8 during ischemia.
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The KATP channel is specifically blocked by sulfonylurea derivatives, such as tolbutamide and glibenclamide,9,10 and activated by a class of pharmacological agents known as K' channel openers, which includes agents such as pinacidil, lemakalim, and nicorandil.1"-'7Recently, a newly synthesized agent, N- [3- amide dihydrochloride dihydrate (E-4080), has been shown to slow the heart rate, decrease the mean arterial blood pressure, and increase the coronary blood flow in a dose-dependent manner in animal studies. '8'19 The E-4080-mediated vasodilation of the coronary vessels was not affected by atropine or propranolol but was significantly inhibited by glibenclamide. 20 In single ventricular cells, E-4080 activated an outward current at potentials positive to -50 mV, which could be abolished by glibenclamide. 21 These findings suggest that activation of the KATP channel may be responsible for the pharmacological effects of E-4080.
In this study, the effects of N- [3- 
((N'-(2-(3,5-dimethoxyphenyl)ethyl)-N' -methyl)amino)propyl]-4(4-(N -methyl-N2-cyanoguanidino)phenyl)-3 -butenamide oxalate (ER-001533 [ER]), a compound closely related
to E-4080, on the KATP channel were examined in single ventricular cells of the guinea pig. The drug activated a time-independent K+ current that could be inhibited by glibenclamide, suggesting that the drug activated the KATP channel. The activation profile of the KATP channel by ER was examined under the conditions as reported previously17 (also see "Experimental Design" below).
We found that ER activated the KATP channel only in the presence of ATP or its analogue, ATP-y-S. ER antagonized the inhibitory effects of intracellular ATP to the channel in a competitive manner 
Solutions and Chemicals
The control bathing solution contained (mM) NaCl 136.5, KCI 5.4, CaCI2 1.8, MgCl2 0.53, glucose 5.5, and HEPES-NaOH buffer 5.5 (pH 7.4). The composition of the high-K+/low-ClI solution was (mM) taurine 10, oxalic acid 10, glutamic acid 70, KCI 25, KH2PO4 10, glucose 11, EGTA 0.5, and HEPES-KOH buffer 10 (pH 7.3-7.4). In the "whole-cell" clamp experiments, the pipettes were filled with the internal solution (described below) containing 2 mM Na2ATP (Sigma).
In the "inside-out" patch-clamp experiments, the composition of the pipette solution was (mM) KCl 140, CaCI2 1, MgCl2 1, and HEPES-KOH 5 (pH 7.4). The bath was perfused with an "internal solution" containing (mM) KCl 140, MgCl2 0.5, EGTA-KOH 5, and HEPES-KOH buffer 5 (pH 7.3). Various concentrations of ATP, ER, and UDP were added to the internal solution. The pH of the solutions was always adjusted to 7.3 by KOH.
ATP, ATP-y-S, UDP (in the form of free acid, potassium, or Tris salt), and glibenclamide were purchased from Sigma. ER-001533 (ER) was a gift from Eisai Co., Tokyo (Figure 1 ).
Current Recordings and Data Analysis
The gigaohm-seal patch-clamp technique was used in the whole-cell and inside-out patch configurations. 24 The currents were measured using a patch-clamp amplifier (Axopatch-1C, Axon Instruments, Inc., Foster City, Calif.). In the whole-cell clamp conditions, the electrode resistance (3) (4) (5) in series to the cell membrane was compensated. The data were stored on a videocassette recorder (Symphonic 5900, Japan) using a PCM converter system (VR-10, Instrutech, New York). The data were reproduced, filtered at 1.5 kHz (-3 dB), NEC, Tokyo). For the single-channel analysis, the threshold for event detection was set to half of the unit amplitude of the channel current.25 Statistical analysis using Student's t test was performed whenever appropriate. A value ofp<0.05 was considered significant. All data were expressed as mean±+SD.
Experimental Design
On formation of an inside-out patch in the ATP-free internal solution, marked KATP channel activity appeared and then gradually disappeared (referred to as "run-down"). Since this run-down process is probably due to channel dephosphorylation,2627 we hypothesized that the channel was phosphorylated before run-down and dephosphorylated after complete run-down. Recently, we found that intracellular nucleotide diphosphates (NDPs), such as UDP, could induce the KATP channel openings even after complete run-down. 28 Therefore, effects of ER were examined under the following experimental conditions: 1) before run-down (phosphorylated channel), 2) after run-down in the absence of NDPs (dephosphorylated/NDP-free channel), and 3) after run-down in the presence of NDPs (dephosphorylated/NDP-bound channel). To maintain phosphorylated channels, inside-out patches were formed in the internal solution containing MgATP (100-500 uM).17'27 Minimal channel openings would appear initially because of the presence of ATP. Channel phosphorylation could be confirmed by washing out ATP from the perfusate, which would result in brisk channel openings if the channels were phosphorylated. If no channel openings were observed by perfusing ATP-free internal solution, it was assumed that dephosphorylation rendering the channels inactive had occurred; these experiments were discarded from the analysis. Experiments under the dephosphorylated condition were performed after complete channel rundown in the ATP-free internal solution. The and 10), this observation suggests that ER has suppressive effects on these currents in addition to activation of the glibenclamide-sensitive current.
The current-voltage (I-V) relations at the end of each 500-msec command pulse are shown in Figure 3B . Figure 4A shows that addition of ER to the internal solution enhanced the KATP channel openings in a concentration-dependent Figure 4A . The unitary current amplitude of the KATP channel at -80 mV was 7.5 +0.3 pA (i.e., the unitary conductance of the channel was -90 pS, n =4) in the control. It was unchanged (7.4+±0.2 pA, n=12) after application of ER at concentrations ranging from 0.1 to 10 ,uM.
The open time histogram of the channel could be fit by an exponential curve with a time constant of 1.4 +0.2 msec (n =4) in the control (in the presence of 500 ,M ATP) and 1.5 ±0.1 msec (n=3) at 0.1 ,M ER (shown at c in Figure 4A ). Because activated because of the absence of ATP-mediated inhibition. This channel activity then declined progressively, a phenomenon referred to as channel run-down. It is believed that this run-down process is caused by Mg2+-dependent dephosphorylation of the channel.2627 In the absence of Mg2+, the run-down process is much delayed. In Figure 4B , when the inside-out patch was formed in ATP-free, Mg2'-free internal solution, a persistent and maximal KATP channel activity was noted that was due to the absence of ATP-mediated channel inhibition. When 1 ,uM ER was perfused to the internal side of the membrane, it did not further enhance the channel activity, suggesting that the effects of phosphorylation and ER were saturative rather than additive. The N * P0 was 2.02±0.84 (n=4) in the ATP-free, Mg2+-free internal solution, and it was 1.95 ±0.83 (n=4, p=0.90) in the internal solution containing 1 ,M ER.
In Figure 5A , the inside-out patch was formed in an ATP-free internal solution. After complete run-down, ER up to 10 ,M could not induce any KATP channel activity. N PO after the complete run-down was 0.0054+0.0025 (n=5) in the control. N * PO was 0.0060+0.0037 with 1 ,uM ER (n=5, p =0.82 compared with the control) and 0.0052±0.0028 with 10 ,uM ER (n=5, p =0.94 compared with the control). Subsequent application of 3 mM UDP induced the channel activity, indicating that the channels were dephosphorylated but had not permanently disappeared. The effects of ER on the UDP-induced channel activity after channel rundown are shown in Figure SB . ER at various concentrations did not significantly affect the UDP-mediated channel activity: N * PO in the control solution containing 3 mM UDP was 2.21±1.26 (control, n=4 
ATP Inhibition of the ER-Induced KATP Channel
After the inside-out patch was formed in Mg2`-free internal solution, minimal run-down of the KATP channel activity was noted in Figure 6A .28 When increasing doses of ATP (Mg2`free) were added to the internal solution sequentially, this spontaneous and phosphorylated KATP channel activity was suppressed in a concentration-dependent manner. It was found that 100-300 ,uM ATP almost completely suppressed the KATP channel openings in the absence of ER. Effects of ATP on the ER-induced KATP channel were examined in Figures  6B and 6C . ATP in concentrations of 5 and 10 mM were necessary to suppress the channel openings induced by 0.3 and 1 ,M ER, respectively. When the ER-induced channel activity in the presence of various concentrations of ATP was normalized to that in the absence of ATP during washout, the concentration-dependent inhibition of ATP on the ER-induced channel could be fit by the Hill equation using the least-squares method29 ( Figure 6D significantly increased to 510 and 1,279 ,uM in the presence of 0.3 and 1 ,M ER, respectively. On the other hand, the Hill coefficient of the concentrationactivity relation remained constant at 2.2 and 2.9 in 0.3 and 1 ,uM ER, respectively. These findings suggest that ER antagonizes the inhibitory effect of ATP on the channel openings in a competitive manner: ER shifts the dose-response relation of ATP-mediated inhibition to the right without significantly changing the slope of the relation.
To confirm that ER competitively antagonized the inhibition of ATP on the KATP channel, we examined effects of ER on the NDP-induced channel openings after complete run-down in the presence of ATP-y-S (100 ,uM). ATP-y-S, a nonhydrolyzable analogue of ATP, was used in this experiment instead of ATP to avoid the possibility of channel phosphorylation mediated by ATP during these experiments.26 In Figure 7 , after complete channel run-down in the ATP-free internal solution, UDP (10 mM) activated the dephosphorylated channel, which was subsequently inhibited by 100
,.tM ATP-y-S. When ER (3 gM) was further added to the solution, it recovered the channel activity inhibited by ATP-y-S. N . P0 was 2.94±+0.86 in the presence of 10 mM UDP (control, n=4) and decreased to 0.41+0. 28 under the influence of 100 ,M ATP-y-S (n=4,p=0.002 compared with control). After Figure 4A ). Furthermore, ER could not activate the channel when it was dephosphorylated and NDP free ( Figure 5A ). These findings suggest that ER probably did not activate the channel by directly affecting the channel gate. When the transducer was phosphorylated in the absence of ATP, the effect of ER on the channel activity was saturative rather than additive ( Figure 4B ). ER also did not affect the UDP-induced channel activity ( Figure 5B ) when the transducer unit was dephosphorylated but NDP (UDP) bound. These findings suggest that the transducer unit itself was not involved in the ER-mediated channel activation.
It was found in this study that ER shifted the relation between the concentration of ATP and the channel activity to the right without significantly changing the slope, indicating that ER decreased the sensitivity of the channel to the ATP-mediated inhibition in a competitive manner. This was further confirmed by the observation that ER could relieve the inhibition of ATP nel activity (Figure 7) [ATP] i is relatively depleted. However, further in vivo studies will be necessary to confirm the differences in the pharmacological effects of various potassium channel openers including ER to establish the therapeutic strategy of each drug in the treatment of various cardiovascular diseases.
